Abstract. We study the problem of maximizing the lifetime of a sensor network assigned to monitor a given area. Our main result is a linear time dual approximation algorithm that comes arbitrarily close to the optimal solution, if we additionally allow the sensing ranges to increase by a small factor. The best previous result is superlinear and has a logarithmic approximation ratio. We also provide the first proof of NP-completeness of this specific problem.
Introduction
Wireless sensor networks have become a prominent research topic in recent years. Their unique structure and limitations provide new and fascinating challenges. A network consists of a union of small nodes that are equipped with sensing, communication and processing capabilities. The nodes are usually only battery powered with no means of recharging. Therefore, energy is a highly limited resource and energy consumption becomes a critical factor in this context. On the other hand, the sensor nodes themselves are cheap and available in abundance. This fact is exploited to counter their inherent limitations. Wireless sensor networks can be used for a multitude of monitoring tasks. Thus, there has been a lot of research on monitoring problems.
In this paper, we consider the question of how to maximize the lifetime of a monitoring sensor network when each node has a nonrechargeable battery with limited capacity. The basic idea is to switch on only subsets of nodes at a time while the remaining nodes are in an energy saving sleep-mode. Our results apply to several variants of this question. In the target monitoring problem, we are given a set of points in the plane that need to be monitored, i.e., during the entire lifetime of the network and for every target t, there must be an active node with t in its sensing range. In the area monitoring problem, every point in a designated area must be monitored. During most of this paper we will assume a uniform fixed sensing range for all nodes. While this assumption is common in theoretical papers, it is unrealistic in practice. However, we believe that our techniques can be adapted for more general shapes of sensing areas. Moreover, sensing ranges do not come into play at all when we reinterpret the area monitoring problem as the Lifetime Maximization of Monitoring Sensor Networks problem to regularly take samples of point-measurements at a given minimum resolution, i.e., every point of the monitoring area is at most a given distance away from a sample point. This combination of a simple geometric model and a realistic interpretation was one of the main motivations for us to look at this particular problem. Area monitoring was previously studied by Berman et al. [1, 2] and a superlinear algorithm for finding efficient schedules with a logarithmic approximation ratio was presented. Our main result is a linear time dual approximation algorithm that comes within a factor (1 − ) of the optimum if we additionally allow the sensing range to grow by a factor (1+δ) for arbitrary constants and δ. Our focus is the approximability of this problem. Thus, we are initially content with a sequential approximation algorithm which can be later used to evaluate distributed variants.
We give more related work in Section 2, define the model in Section 3 and then present the approximation algorithm in Section 4 and discuss an adaptation to target monitoring in Section 5. Since previous NP-completeness results only apply to a variant of the target monitoring problem without geometric structure, we also provide the missing NP-completeness proof in Section 6. A conclusion and an outlook complete the paper (Section 7).
Related Work
There has been a lot of activity in the field of wireless sensor networks over the past years and, thus, there already exist many contributions dealing with the optimization of energy-constraint networks designed for specific tasks. Monitoring tasks are a particularly large field of applications for wireless sensor networks. Thus, determining schedules that maximize the lifetime of these networks has been the focus of a lot of work.
In [3] , Cardei and Wu first classify this problem as area monitoring and target monitoring. Later in [1], Berman et al. argue that area monitoring can be reduced to target monitoring of O(n 2 ) targets for a class of sensor models, given a network of n sensors. Thus, it is sufficient to regard only the latter problem.
Slijepcevic and Potkonjak study the problem of monitoring a set of targets in [4] . Their approach is based on disjoint sets of sensor nodes, each of which covers all of the targets. They further simplify the problem by assuming that each node has the same initial energy. Thus, in an optimal solution given these constraints, each node is used in at most one set and each set is active for the same amount of time. They state that set-k-cover is a generalization of their problem and provide a heuristic for set-k-cover which they use to solve their problem. Unfortunately, they do not provide asymptotic runtimes or approximation guarantees.
A more general model is analyzed by Cardei et al. in [5] . Here, sensor nodes are allowed to be part of more than one set but their initial battery capacity is still assumed to be equal. They propose two heuristics, one using a linear programming (LP) approach and the other being a greedy algorithm. The former has a runtime complexity of O(n 3 p 3 ) with n the number of sensor nodes and p an upper bound on the number of sets. The latter takes O(dm 2 n) with n the
